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Chapter 5
Spin injection in F/N/F systems
with transparent contacts
5.1 Introduction
The electrical injection and detection of spin accumulation is studied in lat-
eral ferromagnetic metal-nonmagnetic metal-ferromagnetic metal (F/N/F)
spin valve devices with transparent interfaces. Different ferromagnetic met-
als, permalloy (Py), cobalt (Co) and nickel (Ni), are used as electrical spin
injectors and detectors. For the nonmagnetic metal both aluminium (Al)
and copper (Cu) are used. The magnetoresistance of the ferromagnetic con-
tacts is found to be able to dominate the amplitude of the spin valve effect,
making it impossible to observe the spin valve effect in a ’conventional’ mea-
surement geometry. However, in a ’non local’ spin valve measurement it is
possible to completely isolate the spin valve signal and observe clear spin
accumulation signals at T = 4.2 K as well as at room temperature (RT).
For Al spin relaxation lengths (λsf ) are obtained of 1.2 µm and 600 nm at
T = 4.2 K and RT respectively, whereas for Cu 1.0 µm and 350 nm found.
At RT these spin relaxation lengths are within a factor 2 of their maximum
values, being limited by phonon mediated spin flip processes. The spin valve
signals generated by the Py electrodes (αFλF = 0.5 [1.2] nm at RT [T = 4.2
K]) are found to be larger than the Co electrodes (αFλF = 0.3 [0.7] nm at
RT [T = 4.2 K]), whereas for Ni (αFλF < 0.3 nm at RT and T = 4.2 K) no
spin signal could be observed.
5.2 Spin accumulation in Py/Cu/Py spin valves
Permalloy Ni80Fe20 (Py) ferromagnetic electrodes are used to drive a spin
polarized current into copper (Cu) crossed strips. For fabrication details and
77
78 Chapter 5. Spin injection in F/N/F systems with transparent contacts
properties, see Chapter 3. Different aspect ratios of the rectangular ferro-
magnetic injector (Py1) and detector strips (Py2) result in different switch-
ing fields of the magnetization reversal process, allowing control over the
relative magnetization configuration of Py1 and Py2 (parallel/anti-parallel)
by applying a magnetic field parallel to the long axis of the ferromagnetic
electrodes [1, 2], see Chapter 4. Two sets [Py1,Py2] of different sizes are
used in the experiments. One set has dimensions of 2 × 0.8 µm2 (F1) and
14 × 0.5 µm2 (F2), whereas the other set has dimensions of 2 × 0.5 µm2
(F1) and 14 × 0.15 µm2 (F2). An example of a typical device is shown in
Fig. 3.6.
The measurements were performed by standard ac-lock-in-techniques,
using current magnitudes of 100 µA to 1 mA. Typical spin valve signals
of two samples MSV1 and MSV2 (of the same batch) with a Py electrode
spacing of L = 250 nm are shown in the Figs. 5.1, 5.2 and 5.3. They
are both measured in a non local and conventional measurement geometry.
Sample MSV1, data shown in Fig. 5.1 and 5.2, had a current injector Py1
electrode of size 2× 0.5 µm2, whereas the detector electrode Py2 had a size
of 14 × 0.15 µm2. Sample MSV2, data in shown Fig. 5.3, had wider Py
electrodes of 2 × 0.8 µm2 and 14 × 0.5 µm2. The first set of (narrower)
Py electrodes [Py1,Py2] had a more ideal switching behavior and had three
times larger switching fields as compared to the second set [Py1,Py2], see
also Chapter 4.
5.2.1 Non local spin valve geometry
Figure 5.1a and 5.1b show typical data in the non local measurement geom-
etry taken at 4.2 K and RT for sample MSV1 with a 250 nm Py electrode
spacing. Sweeping the magnetic field from negative to positive field, an
increase in the resistance is observed, when the magnetization of Py1 flips
at 9 mT, resulting in an anti-parallel magnetization configuration. The rise
in resistance is due to the spin accumulation or equivalently an excess spin
density present in the Cu metal. When the magnetization of Py2 flips at
47 mT (T = 4.2 K) and 38 mT (RT), the magnetizations are parallel again,
but now point in the opposite direction. The magnitude of the measured
background resistance, around 30 mΩ at T = 4.2 K and 120 mΩ at RT,
depends on the geometrical shape of the Cu cross and is typically a fraction
of the Cu square resistance.
Figure 5.1c and 5.1d show the ”memory effect”. Coming from high
positive B field, the sweep direction of the B field is reversed after Py1 has
switched, but Py2 has not. At the moment of reversing the sweep direction,
the magnetic configuration of Py1 and Py2 is anti-parallel, and accordingly
a higher resistance is measured. When the B-field is swept back to its
original high positive value, the resistance remains at its increased level
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Figure 5.1: The spin valve effect at T = 4.2 K (a) and RT (b) in the non-local
geometry for a Py/Cu/Py spin valve device (sample MSV1) with 250 nm Py
electrode spacing. An increase in resistance is observed, when the magnetiza-
tion configuration is changed from parallel to anti-parallel. The solid (dashed)
lines correspond to the negative (positive) sweep direction. (c),(d) illustrate the
”memory effect”. For clarity the (c) and (d) are off set downwards. Note that
the vertical scale of (a) is different from (b),(c) and (d). The sizes of the Py1 and
Py2 electrodes are 2× 0.5 µm2 and 14× 0.15 µm2
until Py1 switches back at a positive field of 9 mT. At zero B field the
resistance can therefore have two distinct values, depending on the history
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of the Py electrodes.
5.2.2 Conventional spin valve geometry
The top curve in Fig. 5.2 shows the magnetoresistance behavior of sample
MSV1 in the conventional measurement geometry. A small AMR contribu-
tion (dip in curve) of the Py1 electrode around −9 mT and a small Hall
signal caused by the Py2 electrode can be observed in the negative sweep
direction. Because a small part of the Py electrodes underneath the Cu wire
is measured in this geometry, (local) changes in the magnetization at the
Py/Cu contact area can produce an AMR or Hall signal [3]. In the positive
sweep direction a dip is no longer observed indicating that the magnetization
reversal of the Py1 electrode is not the same for the two sweep directions.
However, in the magnetic field range in between the two switching fields, a
resistance ’plateau’ from 10 mT up to a field of 45 mT is observed.



















Figure 5.2: The spin valve effect of sample MSV1 in a conventional measurement
geometry (top curve) at T = 4.2 K and non-local measurement geometry (bottom
curve), with a Py electrode spacing L = 250 nm. The sizes of the Py electrodes are
2×0.5 µm2 (Py1) and 14×0.15 µm2 (Py2). The solid (dotted) curve corresponds
with a negative (positive) sweep direction of the B-field.
5.2. Spin accumulation in Py/Cu/Py spin valves 81
The magnitude of the spin valve effect measured in the conventional
geometry is about 4.1 mΩ at T = 4.2. This is about 2.5 times bigger than
the magnitude of the spin signal measured in a non-local geometry (1.6mΩ).
Note that the factor 2.5 is deviating from the factor 2 as predicted by the Eq.
2.36. This is attributed to deviations from our 1-dimensional model, which
can be expected for the samples with the shortest Py electrode spacing
L = 250 nm, as the presence of the Cu side arms for these samples, see Fig.
3.6, are most felt.
























Figure 5.3: The spin valve effect of sample MSV2 in a conventional measurement
geometry (top curve) at T = 4.2 K and non-local measurement geometry (bottom
curve), with a Py electrode spacing L = 250 nm. The sizes of the Py electrodes are
2× 0.8 µm2 (Py1) and 14× 0.5 µm2 (Py2). The solid(dotted) curve corresponds
with a negative (positive) sweep direction of the B-field.
The top curve in Fig. 5.3 shows the magnetoresistance behavior in the
conventional measurement geometry for the sample MSV2. Here a change
of the resistance is already observed before the field has reached zero in a
positive field sweep, whereas the negative field sweep is very asymmetrical
compared to the positive field sweep. This is attributed to the formation of
a multi-domain structure in the 2×0.8 µm2 (Py1) electrode, causing a large
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Figure 5.4: Dependence of the magnitude of the spin signal ∆R on the Py
electrode distance L, measured on Py/Cu/Py samples in the non local geometry.
The solid squares represent data taken at T = 4.2 K, the solid circles represent
data taken at RT. The solid lines represent the best fits based on equation 2.31.
AMR (≈ 10 mΩ) signal at the Py/Cu contact area of the Py1 electrode (see
also Chapter 4).
However, in a non local measurement geometry, the ”contact” magne-
toresistance contribution of the Py electrodes can be removed and a clear
spin valve signal is observed with a similar magnitude as sample MSV1.
This is shown in the bottom curve of Fig. 5.3. Note also that the larger
widths and aspect ratio of the Py electrodes in sample MSV2 result in three
times smaller switching fields as compared to sample MSV1.
5.2.3 Dependence on Py electrode spacing
A reduction of the magnitude of spin signal ∆R is observed with increased
electrode spacing L , as shown in Fig. 5.4. By fitting the data to Eq. 2.31
the spin relaxation length λN in the Cu wire is obtained. From the best fits
a value of 1 µm at T = 4.2 K, and 350 nm at RT is found. These values
are compatible with those reported in literature, where 450 nm is obtained
for Cu in GMR measurements at 4.2 K [4]. However a detailed discussion
on the obtained spin relaxation lengths and corresponding spin relaxation
times will be given in §5.5.
In principle the fits of Fig. 5.4 also yield the spin polarization αF and
the spin relaxation length λF of the Py electrodes. However, the values
of αF and λF cannot be determined separately, as in the relevant limit
(M >> 1) which applies to the Py/Cu/Py experiments (12 < M < 26),
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the spin signal ∆R is proportional to the product αFλF as is shown by
Eq. 2.33. From the best fits the value αFλF is obtained: αFλF = 1.2
nm at 4.2 K and αFλF = 0.5 nm at RT. Taking, from literature [5–7],
a spin relaxation length in the Py electrode of λF = 5 nm (at 4.2 K), a
bulk current polarization of ≈ 20 % in the Py electrodes at T = 4.2 K is
obtained: αF = 0.2. Note however that the injected spin polarized current
from the Py electrode is partially shunted by the Cu wire lying on top of
the Py electrode. By taking this effect into account the value αFλF could
be increased by a factor 2 to 3.
It is also possible to calculate the polarization of the current at the
Py/Cu interface. For a sample with a Py electrode spacing of L = 250 nm
at T = 4.2 K and using Eq. 2.34 we find: P  0.02, a factor 10 lower than
the bulk polarization αF of the Py electrodes. From the resistor model one
can see why the current polarization at the Py/Cu interface is reduced. For
this, first a calculation of the magnitude of the spin dependent resistance
difference is needed. Using Eq. 2.42 and L = 250 nm, ∆R = 1.6 mΩ,
RN = 0.3 Ω and w = 100 nm ( at T = 4.2 K) a value of R↓−R↑ ≈ 100 mΩ
is found. From the right hand side term of Eq. 2.42 and using RF = 2 Ω it
can be checked that this indeed corresponds with the value of αFλF ≈ 1.2
nm, as was also obtained from the fit in Fig. 5.4. From Eqs. 2.37, 2.38
and using λF = 5 nm, αF = 0.2 (at 4.2 K) the spin-up and spin-down
resistance of the Py ferromagnet can be obtained:
RPy↑ =
2λF
w(1 + αF )





 ≈ 260 mΩ . (5.2)
This shows that the total resistance experienced over a length λF+λN by
the spin-up and spin-down currents is indeed dominated by the spin inde-
pendent resistance 2RN = 2λNR
N
/w  6 Ω. Here the values of λN = 1 µm,
RN = 0.3 Ω at T = 4.2 K and w = 100 nm are used. This leads to a inter-
face polarization of P ≈ (R↓ − R↑)/(R↑ + R↓ + 4RN) ≈ 1 % at the Py/Cu
interface.
All though the role of an interface resistance Rint for spin injection will
be described in the next paragraph, it is noted here that the small difference
R↓−R↑ ≈ 100 mΩ responsible for a spin valve signal of ∆R = 1.6 mΩ could
possibly also result from an interface resistance at the Py/Cu interface.
Commonly reported resistivities of 5 · 10−16 Ωm2 for the Py/Cu interface
[5–9] and a contact area of S = 1 · 10−14 m2 (i.e. Rint = 50 mΩ) would
yield a realistic interface polarization of γ = 0.5 for the Py/Cu interface,
using Eq. 5.3. However, the specific details of the spin injection mechanism
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(interface, bulk or a combination) do not alter the conclusion that the total
spin dependent resistance R↓ − R↑ ≈ 100 mΩ is dominated by the spin
independent resistance of the Cu strip over a spin relaxation length and
hence leads to a considerable reduction of the spin valve signal, as was
pointed out above.
5.2.4 Comparison with Johnson Spin Transistor
The magnitude of the spin signals in the Py/Cu/Py samples, when scaled
to the cross sections utilized in the Au thin film devices of Ref. [10–12] (the
”Johnson spin transistor”), are more than 104 times smaller than obtained
in that previous work. However, in that earlier work it was necessary to
invoke a spin polarization exceeding 100 % to explain the results in terms
of spin accumulation [10–12]. This contrasts our results, which yield a spin
polarization P of the current at the Py/Cu interface of about 1− 2%.
In Refs. [10–13] and [14] Johnson postulates that spin injection is me-
diated by interfacial transport, because the interface resistances Rint↑ , R
int
↓
would dominate the total resistance in both spin-up and spin-down chan-
nels: Rint↑ > R
F
↑ + 2R
N and Rint↓ > R
F
↓ + 2R
N respectively. Here RF↑ and
RF↓ are defined as in Eqs. 2.37 and 2.38 and R
N = λN/σNS = λNR
N
/w.
In this limit spin injection would be characterized by the interfacial spin







and Johnson derives the following expression (see also Eq. 2.57) for the






Applying Eq. 5.4 in Ref. [13] Johnson calculates an expected spin signal
of ∆R = 1.9 Ω for our device with the shortest Py electrode spacing L = 250
nm, as calculated by using S = 5·10−15 m2, σCu = 7.1·107 Ω−1m−1, η = 0.4
and λN = 1.0 µm.
However a polarization of the current at the Py/Cu interface of η =
40 % would require spin dependent interface resistances of Rint↑ = 16 Ω and
Rint↓ = 37 Ω, using Eqs. 5.3, 2.40 and replacing Eqs. 2.37 and 2.38 by:
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where the spin dependent interface resistances Rint↑ and R
int
↓ have simply
been added up to bulk spin dependent resistances RF↑ and R
F
↓ because the
spin polarization η as well as the bulk spin polarization αF are found to be
positive (αF > 0 and η > 0) for Py and Cu [5–7, 15]. The values R
int
↑ = 16 Ω
and Rint↓ = 37 Ω yield a total single interface resistance Rint = 11 Ω or
equivalently, a interface resistivity of 1 ·10−13 Ωm2. This is more than a 100
times larger then the upper limit 0.1 Ω or equivalently a contact resistivity
of 1 · 10−15 Ωm2 that could be determined from our experiment, see Figs.
5.2 and 5.3.
The above arguments also apply for the experiment of Refs. [10–12]
where a gold layer is sandwiched in between two Py layers. There is no
physical reason why there should exist an interface resistivity larger than
1 ·10−13 Ωm2 between the Au and Py or Co layers in the experiment of Ref.
[10, 11], which can explain an interface current polarization of η = 0.4 or
more. Equation 5.4 can therefore not be applied to the experiment of Ref.
[10, 11], because it does not include the (fast) spin relaxation reservoirs of
the ferromagnetic injector and detector contacts, which dominate the total
spin relaxation in the case of transparent contacts, as was already pointed
out in Refs. [16, 17].
In view of this, given the unexplained discrepancies (η > 3) of the earlier
work in Ref. [10–12], and the more consistent values obtained in the recent
work, it is the author’s opinion that the results of Refs. [10–12] cannot be
reconciled with spin injection and spin accumulation.
5.3 Spin accumulation in Py/Al/Py spin valves
Here spin injection experiments are described using permalloy Ni80Fe20
(Py) strips as ferromagnetic electrodes to drive a spin polarized current
via transparent contacts into aluminum (Al) crossed strips, see Fig. 3.6.
Similar current polarizations and spin relaxation lengths for Py and Al are
obtained as in Section 5.2.
5.3.1 Spin valve measurements
Figure 5.5 shows a typical spin valve signal of a Py/Al/Py sample with a
Py separation spacing of L = 250 nm and Py electrodes of sizes 2×0.8 µm2
and 14× 0.5 µm2.
The top curve in Fig. 5.5 shows the magnetoresistance behavior in the
conventional measurement geometry. Again the magnetoresistance signals
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Figure 5.5: The spin valve effect of a Py/Al/Py sample using a conventional
measurement geometry (CONV, top curve) at T = 4.2 K and non-local measure-
ment geometry (NL, bottom curve), with a Py electrode spacing L = 250 nm.
The sizes of the Py electrodes are 2 × 0.8 µm2 (Py1) and 14 × 0.5 µm2 (Py2).
The solid (dotted) curve corresponds with a negative (positive) sweep direction
of the B-field.
of the Py contacts are dominating in this geometry, reaching a maximal am-
plitude of about 6 mΩ. Note that the two resistance values at high positive
and negative field differ by a value of about 0.3 mΩ, which is attributed to
a local hall effect caused by the 14 × 0.5 µm2 Py electrode. The bottom
curves in Fig. 5.5 show magnetic field sweeps in the non local measurement
geometry, which clearly shows a spin valve signal having removed all spu-
rious contact magnetoresistance effects. The magnitude of the spin valve
signal measured is 0.18 mΩ at 4.2 K.
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5.3.2 Dependence on Py electrode spacing
A reduction of the magnitude of spin signal ∆R of the Py/Al/Py samples is
observed with increased electrode spacing L, as shown in Fig. 5.6. However,
for the T = 4.2 K data this dependence is not monotonic. The spin valve
devices with small L = 250 nm and L = 500 nm show a smaller spin valve
signal than the device with L = 1 µm. We note that all the devices shown
in Fig. 5.6 are from the same (processing) batch. However, the granular
structure of the Al film with a grain size in the order of the width of the
Al strip causes fluctuations in the resistance of the Al strip in between the
Py electrodes. The samples with L = 250 nm and L = 500 nm indeed
show a higher resistance than expected when measured in the conventional
geometry at T = 4.2 K. This irregular behavior of the resistance due to
grains is not observed at RT due to the additional presence of phonon
scattering. From the best fits to Eq. 2.31 a spin relaxation length λN in Al
of 1.2 µm at T = 4.2 K and 600 nm at RT is found. Note that the spin
relaxation lengths are about 2 times larger than reported in Ref. [18]. The
reason for this increase is the higher conductivity of the Al in these samples,
caused by a lower background pressure of 1 · 10−8 mbar during evaporation
as compared to a background pressure of 1 · 10−6 mbar used in Ref. [18].
0 500 1000 1500 2000 2500 3000 3500 4000 4500
0.01
0.1
1  T = 4.2K








Figure 5.6: Dependence of the magnitude of the spin signal ∆R on the Py
electrode distance L, measured in the non local geometry for Py/Al/Py spin
valves. The solid squares represent data taken at T = 4.2 K, the solid circles
represent data taken at RT. The solid lines represent the best fits based on Eq.
2.31.
The fits of Fig. 5.6 also yield the spin polarization αF and the spin
relaxation length λF of the Py electrodes. Their values are found to be
αFλF = 1.2 nm at 4.2 K and αFλF = 0.5 nm at RT, in agreement with
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the Py/Cu/Py spin valve data of Sec. 5.2. Note that for the Py/Al/Py spin
valve also applies thatM >> 1 and thus the spin signal ∆R is proportional
to the product αFλF (25 < M < 32). Using Eq. 2.34, a polarization P for
the Py/Al/Py sample with the smallest Py electrode spacing of L = 250
nm at T = 4.2 K is found to be only 3%: P = 0.03.
5.4 Spin injection using Co and Ni ferromagnetic
electrodes
From Eq. 2.42 it can be seen that the magnitude of the spin dependent
resistance (R↓ − R↑) is sensitive to the properties αF , λF and σF of the
ferromagnetic metal. As (R↓ − R↑) enters squared in the spin valve signal
∆R, see Eq. 2.40, an increase of λF with a factor 10 would increase ∆R with
a factor 100. Therefore cobalt (Co) and nickel (Ni) are tried as ferromagnetic
spin injectors and detectors to increase the magnitude of the spin valve
signal, as larger spin relaxation lengths can be expected for these materials
[19–21].
5.4.1 Spin accumulation in Co/Cu/Co spin valves
Figure 5.7a shows a ”contact” magnetoresistance trace and magnetic switch-
ing behavior at RT of a 14× 0.5 µm2 (Co2) electrode of a Co/Cu/Co spin
valve device with a Co electrode spacing of 250 nm and Co electrodes of
sizes 2 × 0.8 µm2 and 14 × 0.5 µm2. The ”contact” magnetoresistance is
measured by sending current from contact 5 to 7 and measuring the volt-
age between contacts 6 and 9 (see Fig. 3.7d). Note that in this geometry
the measured voltage is not sensitive to a spin valve signal as only one Co
electrode is used in the measurement configuration. The magnetoresistance
traces of Fig. 5.7a indicate a clear switching of the magnetization at ±20
mT of the 14×0.5 µm2 Co2 electrode and is attributed to a local Hall effect
produced at the Co/Cu contact area of the Co2 electrode.
Figure 5.7b shows the spin valve effect at RT for a Co/Cu/Co spin valve
device in a non local measurement. The magnitude of the spin dependent
resistance ∆R = 0.25 mΩ is slightly smaller than in the Py/Cu/Py spin
valve device. At T = 4.2 K the signal increases to ∆R = 0.8 mΩ. Using Eq.
2.31 and the values of σN , λN for Cu and σF for Co (see Chapter 3), values
of αFλF = 0.3 nm at RT and αFλF = 0.7 nm at T = 4.2 K are obtained.
These values are much smaller than reported for Co in GMR experiments,
where αF ≈ 0.5 and λF = 10− 60 nm [5, 22–26]. This discrepancy will be
discussed in Section 5.5.2.
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Figure 5.7: a, ”Contact” magnetoresistance trace of the Co2 electrode with size
14×0.5 µm2. The Hall signal indicates an abrupt magnetization switching of the
Co2 electrode. b, The spin valve effect at RT in a Co/Cu/Co device with a Co
electrode spacing L = 250 nm, using the non local measurement geometry. The
solid (dotted) curve corresponds with a negative (positive) sweep direction of the
B-field.
5.4.2 Spin accumulation in Ni/Cu/Ni spin valves
In Fig. 5.8a and 5.8b two ”contact” magnetoresistance traces of a Ni elec-
trode (Ni1) with size 2× 0.5 µm2 (top curve) and a Ni electrode (Ni2) with
size 14×0.15 µm2 (middle curve) are shown of a Ni/Cu/Ni spin valve device
with a Ni electrode spacing of 500 nm. For the Ni1 contact current is send
from contact 1 to 5 and the voltage is measured from contact 4 to 6 (see
Fig. 3.7c). For the Ni2 contact current is send from contact 5 to 7 and
the voltage is measured from contact 6 to 9 (see Fig. 3.7d). The magnetic
field in the measurements of Fig. 5.8 is applied perpendicular to the long
axis of the Ni electrodes, showing a more pronounced magnetic switching
90 Chapter 5. Spin injection in F/N/F systems with transparent contacts




































Figure 5.8: (a) ”Contact” magnetoresistance trace (see text) of the Ni1 electrode
with size 2×0.5 µm2. (b) ”Contact” magnetoresistance trace of the Ni2 electrode
with size 14×0.15 µm2. (c) The spin valve effect of a Ni/Cu/Ni device at RT with
a Ni electrode spacing of L = 500 nm, using a non local measurement geometry.
The solid (dotted) curve corresponds with a negative (positive) sweep direction
of the B-field.
behavior than an applied magnetic field along the long axis of the Ni elec-
trodes. In the magnetic field sweeps of Figs. 5.8a and 5.8b a large magnetic
field range can be observed where the magnetization configuration of the Ni
electrodes is anti-parallel. However no spin valve signal could be detected
within experimental accuracy in the non local measurement geometry at
RT as well as at T = 4.2 K, as is shown in Fig. 5.8c (RT). An upper bound
on the spin valve signal is found to be ∆R < 20 µΩ at RT as well as at
T = 4.2K. Using Eq. 2.31 and the values of σN , λN for Cu and σF for Ni
(see Chapter 3), values of αFλF < 0.3 nm at RT as well as at T = 4.2 K
are obtained. These values are also much smaller than reported for Ni in
GMR experiments, where αF ≈ 0.2 [15, 27] and using a calculated λF = 15
nm. The calculation of λF for Ni and the low value of αFλF < 0.3 nm is
discussed next in Section 5.5.2.
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5.5 Spin relaxation times of conduction electrons
in metals
In this section our obtained spin relaxation lengths (λsf ) and their asso-
ciated spin relaxation times (τsf ) in Cu and Al from the spin injection
experiments in sections 5.2, 5.3, 5.4 and Chapter 6 will be analyzed and
compared with theory and previously reported values from CPP-GMR [28],
CESR [29], weak localization [30] and superconducting tunneling experi-
ments [31]. The obtained spin polarization and spin relaxation lengths in
Py, Co and Ni will be compared with reported values from CPP-GMR ex-
periments.
In CESR experiments the measured electron spin transverse relaxation
time T2 is proportional to the width of the absorption peak at the resonance
frequency. Yafet [32] showed that in metals T2 is equal to the longitudinal
spin relaxation time T1 (T1 = τsf ). In weak localization and supercon-
ducting tunneling experiments the spin orbit scattering time τs.o. is deter-
mined, with τs.o. being defined similarly in both experiments [33]. Spin orbit
interaction in weak localization experiments is responsible for destructive
interference when electrons are scattered at (nonmagnetic) impurities [30],
whereas in the superconducting tunneling experiments it mixes up the spin-
up and spin-down quasi-particle density of states [31, 34].
5.5.1 Quantative analysis of the spin relaxation time τsf in
Cu and Al
Comparing the conductivities and spin relaxation lengths at RT and T = 4.2
K to each other, the impurity and phonon scattering rate and their asso-
ciated spin relaxation rates can be obtained. Therefore an impurity spin
relaxation ratio aimp = τ imp/τ impsf and an inelastic (phonon) scattering ratio
aph = τ ph/τ phsf can be defined. Here (τ
imp)−1 and (τ ph)−1 are the impurity
and phonon scattering rate and (τ impsf )
−1 and (τ phsf )
−1 are the impurity and
phonon induced spin relaxation rate. From the measured conductivity at
T = 4.2 K and Eq. 2.8 τ imp is determined. Subsequently using the Math-
iessen rule (τe)
−1 = (τ imp)−1 + (τ ph)−1 and the RT conductivity, τ ph can be
determined. Note that the impurity scattering in the transparent F/N/F
samples is dominated by surface scattering, as the mean free paths (le ≈ 60
nm) for both the Al and Cu thin films at T = 4.2 K are larger than their
film thicknesses (50 nm). In the calculation for Cu the free electron val-
ues [35] N(EF )Cu = 1.8 · 1028 states/eV/m3 and vF (Cu) = 1.57 · 106 m/s
are used, whereas for Al values of N(EF )Al = 2.4 · 1028 states/eV/m3 and
vF (Al) = 1.55 · 106 m/s are taken from Ref. [36].
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Aluminum (Al)
τ impsf [ps] aimp τ
ph
sf [ps] aph Ref.
Theory - - 90 1 1.2 · 10−4 1 [37]
Spin Injection 100 0.6 · 10−4 85 1 1.1 · 10−4 1 [18]
Spin Injection 70 3.7 · 10−4 124 1 1.3 · 10−4 1 [38]
Spin Injection 9 · 103 15 · 10−4 4 · 103 2 4.8 · 10−4 2 [39]
CESR 3− 9 · 103 9.0 · 10−4 1− 57 · 103 32.6 · 10−4 3 [37, 40, 41]
Anti-weak localiz. 4-46 (0.2− 1.2) · 10−4 - - [42, 43]
Superconducting tunn. 8-160 (0.1− 5) · 10−4 - - [31, 44–46]
Copper (Cu)
Spin Injection 41 0.7 · 10−3 14 1 2.0 · 10−3 1 [47]
CESR 2− 9 · 103 0.8 · 10−3 2− 21 · 103 41.1 · 10−3 4 [40, 48]
GMR 4 19 · 10−3 - - [4]
Anti-weak localiz. 5 1.3 · 10−3 - - [42, 43]






For a temperature range T=[1..90] K
4
For a temperature range T=[1..60] K
Table 5.1: Comparison of spin relaxation times of Al and Cu. τ impsf [ps] is
the impurity induced spin relaxation time at low temperatures T ≤ 4.2 K due
to surface scattering, dislocations or grain boundaries. τphsf [ps] is the phonon
induced spin relaxation time at elevated temperatures due to inelastic phonon
scattering. For definition of aimp and aph see text.
The obtained parameters for Cu and Al (τ impsf ,τ
ph
sf , a
imp, aph) are tabu-
lated in table 5.1. From tabel 5.1 one can see that τ phsf and aph for Al at
RT are in good agreement with the theoretical values as predicted in the ab
initio bandstructure calculation by Fabian and Das Sarma [37]. They are
also in agreement with the results obtained from CESR experiments and
the earlier JS spin injection experiments at temperatures below 90 K. Note
that the spin relaxation times are 2 orders of magnitude larger in those
earlier experiments due the use of extremely clean samples with electron
mean free paths of a few tens of micrometers. For Cu one can see that τ phsf
and aph at RT are in good agreement with the results obtained from CESR
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experiments at temperatures below 60 K.
The impurity scattering ratio aimp shows a much bigger spread in values
for both Al and Cu. The different origin of the impurities in the samples
used for the various measurement techniques is speculated to be the reason
for this spread. For the CESR experiments the impurity scattering is caused
by dislocations, whereas for our experiment it is mainly due to surface scat-
tering.
The fact that about half of the momentum scattering processes in these
Al and Cu thin films at RT is due to phonon scattering implies that the
present obtained results on the spin relaxation lengths in Al and Cu can
be maximally improved by a factor of about 2 at RT. This is illustrated
by calculating the phonon induced spin relaxation length (λphN ) at RT, as is
shown table 5.2. λphN is the maximum obtainable spin relaxation length in
Al and Cu at RT, limited by the phonon induced spin flip scattering in the






Spin relaxation length at RT
σ4.2K [Ω




Al (Ref. [18]) 1.7 · 107 1.1 · 107 9 · 10−15 350 780 6
Al (Ref. [38]) 8 · 107 3.1 · 107 1.7 · 10−14 600 1200 6
Cu (Ref. [47]) 7.1 · 107 3.5 · 107 2.8 · 10−14 350 560 7
1






vF (Al) = 1.55 · 106 m/s [35]
3
vF (Cu) = 1.57 · 106 m/s [36]
Table 5.2: Spin relaxation lengths λN and λ
ph
N in Cu and Al at RT. λN is the
experimentally obtained spin relaxation length, whereas λphN is the calculated
phonon induced spin relaxation length at RT, see text. σ4.2K and σRT are the
conductivities of the Al and Cu thin ﬁlms at T = 4.2 K and RT respectively. τph
is the phonon scattering rate at RT
Note that for the used thin films in this thesis it is not possible to realize
mean free paths of the order of micrometers as they will always be limited
by surface scattering. The CESR technique is not sensitive enough to de-
termine τ phsf in these films as its resolution does not go beyond typically 1
ns. Obviously the SQUID detection technique used in Ref. [39] does not
operate at RT. Therefore spin injection into thin films is rather complemen-
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tary to the CESR techniques and the JS spin injection experiments in the
determining τ phsf in the temperature range from liquid Helium to RT, see
also Fig. 2.9.
5.5.2 Spin injection efficiency of Py, Co and Ni ferromagnets
In addition to the spin-orbit spin scattering in metallic ferromagnets, as
described above for nonmagnetic metals, there is spin flip scattering by
magnons [50]. In cobalt magnons are nearly absent at low temperatures and
only start to compete with the spin orbit spin flip scattering at temperatures
higher than T = 100 K [23, 24]. The spin flip scattering by magnons has
two effects. It will simply add to the spin orbit spin flip scattering rate
which reduces the spin relaxation length λF of the ferromagnetic metal at
higher temperatures. Secondly, it will lower the bulk current polarization
of the ferromagnetic metal αF by changing σ↑ and σ↓ and in addition by
giving rise to a ”spin mixing rate” which equalizes the spin-up and spin-
down currents in the ferromagnetic metal [50, 51]. The presence of spin flip
scattering by magnons can therefore lower αF as well as λF at RT.
At low temperatures (T < 100K) and in absence of magnetic impurities
an upper estimate can be given for the expected spin relaxation length in





where a is taken from spin flip scattering cross-sections determined by CESR
experiments [15, 52] and recently from magneto-optic experiments [53]:
aFe = 1.1 · 10−2, aNi = 1.5 · 10−2 and aCo = 4.2 · 10−2. Using a free electron
model, the spin relaxation length λPy for Py with σPy = 8.1 · 106 Ω−1m−1
and λCo for Co with σCo = 1.7 · 107 Ω−1m−1 have been estimated in this
way in Ref. [5]: λPy(calc) ≈ 9 nm and λCo(calc) ≈ 36 nm at T = 4.2 K
[5]. Note that λF scales linearly with τe and thus the conductivity of the
ferromagnetic metal. In this respect the reported value of λCo = 59 nm in
Ref. [23, 24] is quite remarkable, because the conductivity of the Co metal
(σco = 6.4 · 106) used in Ref. [23, 24] is about 3 times smaller then used to
calculate λCo(calc) in Ref. [5] (σco = 1.7 · 107), which makes the expected
λCo(calc) = 13 nm in the experiment of Refs. [23, 24].
For Ni we derive an estimate of λF using a free electron density of
5.4 · 1028 m−3. With σNi = 1.6 · 107 Ω−1m−1 and aNi = 1.5 · 10−2, λF
in Ni at T = 4.2 K is calculated to be: λNi(calc) = 15 nm.
BecauseM > 10 (M = (σFλN/σNλF )(1−α2F )) for all our spin valve sam-
ples, αF and λF cannot separately be determined from the magnitude of the
spin valve signal ∆R. In table 5.3 therefore the ”spin injection efficiency”
αFλF is given together with reported values from GMR experiments. Note
that the thin film conductivities for Py, Co and Ni are within a factor 2 of
the reported values in the GMR experiments.
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Ni80Fe20 Co Ni
4.2 K RT 4.2 K RT 4.2 K RT
αFλF (nm) MSV 1.2 0.5 0.7 0.3 < 0.1 < 0.1
αFλF (nm) GMR 3.6 - 4.0






From Refs.[15, 27] (αNi = 0.2) and using λNi(calc) = 15 nm
Table 5.3: Spin injection efficiencies αFλF in nm for three different ferromagnetic
metals. The data is deduced from the mesoscopic spin valve (MSV) experiments
with transparent contacts in a non local geometry using Cu as nonmagnetic metal
and compared with results from GMR experiments.
Table 5.3 shows that the obtained spin injection efficiency of the Py
ferromagnet αPyλPy is in quantative agreement with the values reported
in GMR experiments (αPy = 0.7, λPy = 5 nm), taking into account that
the obtained αPyλPy represents a minimal value due to a partially shunting
of the injected current by the Cu wire on top of the Py electrodes. The
reduction of αPyλPy at RT beyond the ratio 1.8 of the Py conductivies at
T = 4.2 K and RT could be attributed to magnons, lowering αF at RT.
For the Co and the Ni ferromagnets much smaller spin injection efficiencies
αFλF are observed, being more than 1 order of magnitude smaller than val-
ues of αFλF obtained in GMR experiments. So the question is, what is
causing this rather large reduction of the spin valve signal?
First the possible influences of an existing interface resistance at the
Co/Cu and Ni/Cu interfaces are discussed. From the resistance measured
in a conventional geometry an upper estimate of the (diffusive) interface
resistances can be determined. For the Co/Cu/Co spin valve of Fig. 5.7 an
upper limit for a single Co/Cu interface is found to be Rint = 0.4 Ω, whereas
for the Ni/Cu/Ni spin valve of Fig. 5.8 Rint = 0.6 Ω is found. Comparing
the associated interface resistivity (≈ 5 · 10−15 Ωm2) with calculated values
[20, 54–57] and values obtained from GMR [9, 22], the observed interface
resistivity is about 5 times larger than expected for Co/Cu (specular or
diffusive) interfaces. In case these Co/Cu and Ni/Cu interface resistances
are spin dependent, the spin signal would be (largely) increased as the sign
of the bulk and interface spin asymmetries of Co, Ni and Cu are found both
to be positive [15, 55–58] (αF > 0 and γ > 0). However this is clearly not
observed.
In the case of spin independent interface resistances, the interface resis-
tance for each spin channel (≈ 1 Ω) will not reduce the measured spin valve
signal much as the spin independent interface resistance just adds to the
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(larger) spin independent resistance of the Cu strip of about 6 Ω for both
the spin-up and spin-down channels (see Sec. 5.2.4, Eqs. 5.5 and 5.6).
The spin signal can therefore only be significantly be reduced due to
a possible spin flip scattering mechanism at the interface, an effect which
has recently been studied in CPP-GMR spin valves [59, 60]. The physical
origin of this mechanism could be diverse, for instance: surface roughness
creating local magnetic fields due to the formation of random domains or
the formation of anti-ferromagnetic oxides CoO and NiO at the surface
during the time in between the Kaufmann sputtering and the Cu deposi-
tion. However the interfacial structure of the devices is basically unknown
and the most probable cause cannot be analyzed. If however such mecha-
nisms would exist at the Co/Cu and Ni/Cu interface, they probably would
also appear at the Py/Cu interface. The Py/Cu/Py spin valve data show
that their manifestation in these samples is apparently absent or less severe.
Secondly, a change in the bulk properties of the Co and Ni could explain
the small spin valve signals, i.e. a (substantial) shortening of the bulk spin
relaxation length or a reduction of the polarization αF in the Co and Ni fer-
romagnetic metals. In CIP-GMR experiments [61] a strong decrease of more
than an order of magnitude in the GMR signal was reported upon changing
the base (H2O) pressure of the sputter deposition chamber from 10
−8 to 10−5
mbar, just before deposition the Co and Cu layers. This decrease in GMR
signal was more than could be accounted for by the increase in resistivity
of the layers. In the deposition chamber at Groningen the base pressure is
only 10−7 mbar, whereas in the experiments e.g. on Co/Ag multilayers [22]
the base pressure is of the system is 10−8 mbar. However, theoretical work
[58] does predict a bulk current polarization αCo ≈ 0.6 for fcc-Co, having
a conductivity close to our thin Co films σCo = 7.3 · 106 Ω−1m−1. Un-
fortunately the crystallinity and/or the crystal orientation of the Co films
used in this thesis are unknown. Note that the Co layers in the Co/Cu
multilayered nanowires [23, 24] and the Co/Ag multilayers [22] have a hcp
structure.
Finally, it cannot be excluded that the deviation from a true perpen-
dicular current injection (see Fig. 2.2) in our planar device geometry could
influence the magnitude of the spin valve signal. For ballistic transport
in Co/Cu multilayers the magnetoresistance (MR) ratio was (theoretically)




Spin injection and accumulation in metallic mesoscopic spin valves with
transparent contacts is demonstrated. It is shown that in a conventional
measurement geometry the magnetoresistance effects of the injecting and
detecting contacts can be much larger than the spin valve effect, making it
impossible to observe the spin valve effect in a ’conventional’ measurement
geometry. However, these contact effects can be used to monitor the mag-
netization reversal process of the spin injecting and detecting contacts, see
Chapter four. In a non-local measurement geometry the spin valve effect
can be completely isolated. Using this geometry spin relaxation lengths in
Cu are found to be around 1 µm at T = 4.2 K and 350 nm at RT and
spin relaxation lengths in Al are found to be around 1.2 µm at T = 4.2
K and 600 nm at RT. The associated spin relaxation times in Al and Cu
are in good agreement with theory and values from experiments previously
reported in the literature. A rather striking result is that the spin relax-
ation lengths in Al and Cu at RT are fundamentally limited by phonon
scattering to a maximum length of about 1.2 µm and 600 nm for Al and Cu
respectively. For the Py material spin relaxation lengths and current polar-
izations are found to be in agreement with GMR experiments. However for
Co values of αFλF are obtained which are up to a factor 40 smaller than
their GMR counterpart. For Ni electrodes the spin valve measurement were
unsuccessful, no spin valve signal could be resolved within the limits of our
experimental accuracy, corresponding with αFλF at least a factor 10 lower
than expected. Three possible reasons could be identified causing the low
polarization and/or spin relaxation lengths, however the exact origin of the
reduction is unclear.
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